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An ab initio quantum chemical study of the reactions of Si+ with methylsilane has been carried out: SCF I 
6-31 G(d) wave functions were used to predict structures of the possible products and transition states; relative 
energies were obtained by means of single point electron correlation corrections with fourth-order perturbation 
theory using the larger 6-31 G( d,p) basis set. Three different mechanisms involving initial complex formation, 
followed by insertion of Si+ into Si-C, Si-H, and C-H bonds leading to the eliminations of H2 and other 
products have been investigated in detail. This involves the detailed mapping of ShCH6+, Si2CH5+, and Sh-
CH4+ potential energy surfaces. Results of the calculations are compared with the experimental observations 
of Mandich et al., Lim et al., and Kickel et al. Good agreement with experiments is obtained. 
Introduction 
As the demands of silicon device fabrications grow, the 
advantage in expanding our knowledge of silicon chemistry is 
clear. Gas-phase studies of small silicon cluster ions with different 
reagents have proven valuable in understanding chemical deposi-
tion and etching. 1 In particular, the potential energy surfaces for 
the reactions of Si+ with several small molecules have been the 
subject of considerable attention.2 Of interest in the present work 
is the reaction ofSi+ with methylsilane ( CH3SiH3). This reaction 
has been the subject of several experimental studies.J-5 Along 
with other positive ion-molecule reactions, the reaction of Si+ 
with methylsilane was first studied 16 years ago in a tandem 
mass spectrometer by Mayer and Lampe.3 Two predominant 
products, SiCH3+ and SiCH5+, were observed, along with very 
small amounts ofShH3+, Si2CH2+, and Si2CH4+. The first two 
ion products (SiCH3+ and SiCH5+) were found to be formed in 
an endothermic reaction of ground-state Si+ (2P) with methyl-
silane. Recently, Mayer and Lampe6 have reported that the ions 
SiCH3+ and SiCH5+ comprised 52% and 39%, respectively, of 
the ionic products in the reaction of Si+ with methylsilane. In 
that study, Si+ was allowed to react with CH3SiH3 at a collision 
energy of 1.2 eV in a tandem mass spectrometry apparatus. 
Labeling studies have found no scrambling of Hand Din the ion 
products. In contrast, an experimental study of the reaction of 
Si+ with methylsilane under low pressure in the ion trap cell of 
a FTMS (Fourier transform mass spectrometer), performed by 
Mandich, Reents, and Bondebey4 yielded only Si2CH4+ and 
SiCH3+; no other ionic products were found at thermal energies. 
The most recent study of the reaction of Si+ with methylsilane 
was performed by Kickel, Fisher, and Armentrout with kinetic 
energies ranging from thermal to 1 0 e V, using guided ion beam 
mass spectrometry. 5 As seen in reactions 1-10, 10 different ionic 
products were observed, with SiCH3+ (reaction 3) and ShCH4+ 
(reaction 8) being the major ionic products at thermal energy. 
Si+ + SiH3CH3 -+ SiCH5 + + SiH ( 1) 
-+ SiCH4 + + SiH2 (2) 
-+ SiCH3 + + SiH3 (3) 
• Abstract published in Advance ACS Abstracts, June I, 1994. 
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-+ SiCH2 + + SiH4 (4) 
- SiH3 + + SiCH3 (5) 
- sm+ + SiCH5 (6) 
-+Si2CH5++ H (7) 
-+ Si2CH4 + + H 2 (8) 
-+ Si2CH3+ + H 2 + H (9) 
- Si2CH2 + + 2H2 (10) 
Reaction 8 was found to be exothermic, in agreement with previous 
observations of both Mayer and Lampe3 and Mandich et al.4 
Reaction 3 was also found to be exothermic. This conclusion is 
consistent with the observations of Mandich et al.,4 but disagrees 
with findings made by Mayer and Lampe.J Above 1 eV, Kickel 
et al. found SiCH5+ (reaction 1) to be the major ionic product. 
This endothermic reaction was also observed by Mayer and 
Lampe,3 but not by Mandich et al.4 since their experiments were 
carried out at thermal energies. When isotopically labeled silicons 
(3°Si+) were used as reactant ion, 73% ofCH3Si+ ions were found 
to be unlabeled, in good agreement with the 84% obtained by 
Reents and Mandich. Reaction 1 was reported to produce 
exclusively labeled 30Si-H. So, it appears that the initially labeled 
Si+ eventually appears in the neutral products. 
The structures of many of these ionic products, as well as 
important intermediates and transition states that provide 
information relevant to reaction mechanisms for the exothermic 
channels, have been examined by Raghavachari,7 using the 6-31 G-
(d) basis set at the unrestricted Hartree-Fock (UHF) level of 
theory. This study also provided energetic information for the 
ground-state potential energy surface using full fourth-order 
M0ller-Plesset perturbation [MP4(SDTQ) ]8 theory. These single 
point corrections were performed with the larger 6-31 G( d,p) basis 
set.9 
Two low-energy channels were found in the previous theoretical 
study, corresponding to reactions 3 and 8. Reaction 8 was 
predicted to proceed without barrier to an initial interaction 
complex of Si+ with one Si-H bond of methylsilane, leading to 
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a binding energy of 29 kcaljmol for this ion-molecule complex. 
The insertion of Si+ into an Si-H bond of methylsilane and a 
subsequent I,2-H2 elimination step have transition states that 
are predicted to lie I9 and II kcaljmol below the separated Si+ 
and CH~iH3 species, respectively. The exothermic formation 
of the final product CH3-SiH-Si+, therefore, has no overall 
barrier. One other H2 elimination pathway, the I, I-H2 elimination 
from [H3C-SiH~iH]+ (1) leading to H3C-Si-SiH+, was 
predicted to have an overall barrier of 3 kcaljmol. Thermody-
namically, formation of H3C-Si-SiH+ is predicted to be about 
8 kcaljmolless favorable than the isomeric CH3-SiH-Si+ ion. 
The second exothermic channel, leading to the formation of 
CH3Si+ (reaction 3), was predicted to proceed by simple Si-Si 
bond cleavage from the [H3C-Si-SiH3]+ cation intermediate. 
Steps leading to this key [H3C-Si-SiH3]+ cation intermediate 
were predicted to follow two different paths: (I) direct Si+ 
insertion into the Si-C bond of methylsilane with a barrier that 
lies just 6 kcaljmol below the reactants and (2) stepwise I,2-H 
migrations from 1. The two transition states involved in the 
hydrogen migrations producing [H3C-SiH-SiH2]+ and [H3C-
Si-SiH3]+ ionic intermediates were predicted to have barriers 
that are 33 and 30 kcaljmol below the reactants. These results 
are consistent with the labeling experiments, since there are two 
channels leading to [H3C-Si-SiH3]+ in which two silicons are 
scrambled. 
Since most of the transition states on the potential energy 
surface of the reaction ofSi+ with methylsilane have no symmetry, 
it is not clear which reactants and products they connect. In the 
present work, we apply the concept of the intrinsic reaction 
coordinate (IRC)IO,ll to follow the steepest descent paths from 
the transition states to ensure proper connections of all reactants 
and products. IRC calculations are also carried out to analyze 
the potential energy surfaces of ShCH4+ and ShCHs+ which 
involve both cyclic and acylic intermediates that were not 
considered in the previous study. 7 We also explore other channels 
for the products formed from ShCH6+, ShCHs+, and ShCH4+ 
intermediates to investigate new experimental results from studies 
by Kickel, Fisher, and Armentrout5 and by Mayer and Lampe.6 
Computational Methods 
To avoid the effects of spin contamination expected from 
unrestricted Hartree-Fock (HF) wave functions, geometry 
optimizations and transition-state searches of all open-shell ion 
species were determined at the restricted open-shell HF12 (ROHF) 
level of theory with both the 3-2IG*l3 and the 6-3IG(d) 14 basis 
sets. Geometrical parameters obtained from the 6-3IG(d) basis 
set are reported in parentheses in all figures. All stationary points 
were verified to be either minima or transition states on the 
potential energy surface (PES) using the analytically determined 
Hessian (matrix of energy second derivatives) encoded in the 
GAMESS quantum chemistry program package.'s 
The minimum energy path (MEP) was traced from each 
transition state to the corresponding reactants or products to 
ensure correct connections of reactants with products. The MEP 
was traced by following the path of steepest descents in the mass-
weighted Cartesian coordinates10·16 using the concept of the 
intrinsic reaction coordinatelO,ll (IRC). The reaction paths were 
generated using the fourth-order Runge-Kutta11d (RK4) or the 
second-order Gonzalez-Schlegel''" (GS2) methods in GAMESS. 
Except for the initial step off the saddle point of O.I amu 1/l.bohr, 
other points on the IRC were located with step sizes of 0.15 
amu112·bohr. 
The final energetics were determined by single point calculations 
at the SCF geometries using the complete fourth-order Mrzliler-
Plesset (MP4) perturbation theory8 with the larger 6-3lG(d,p)9 
basis set. At this correlated level of theory, contributions from 
single, double, triple, and quadruple excitations from the UHF 
determinant were spin-projected,l1 (e.g., for a doublet state, 
contaminations could come from quartet and higher states) since 
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TABLE 1: Relative Energies (in kcal mot1 with Zero-Point 
Energy Correction) Caloalated with the 6-31G(d,p) Basis Set 
structure UHF UMP2 UMP3 UMP4 PUMP4 
Si+ (2P) + H3Si-CH3 0.0 0.0 0.0 0.0 0.0 
Si2C~++ H2 
,----, 
Ia, [H2Si-CHrSi]+ (2A') -3.5 -16.9 -15.0 -16.8 -17.1 
lb, H3C-8iH-8i+ (2A") -6.0 -13.3 -15.0 -14.7 -15.9 
lc, H2Si-CH-si+ (2A') -0.2 -11.9 -9.1 -8.1 -8.3 
ld, H3Si-CH-8i+ (2A') 38.0 18.9 21.4 18.7 17.8 
le, H3C-8i-8iH+ (2A) 2.9 -1.4 -0.9 -2.5 -6.0 
r--1 
If, [HSi-CHrSiH]+ (2Bt) 24.7 5.4 8.1 6.9 6.9 
,H, 35.5 11.8 15.2 12.0 9.7 I ···H··. r 
1g, si~~~i eA1l 
H2 Elimination Transition States 
7a (2A) + H2 61.1 34.0 36.6 32.5 30.7 
7b (2A) + H2 49.5 27.7 29.5 25.7 22.5 
Isomerization Transition States 
Sa (2A) + H2 41.1 25.2 27.3 22.5 21.2 
8b (2A) + H2 49.3 41.3 42.3 37.8 35.7 
8c (2A) + H2 37.8 23.0 24.2 20.6 18.8 
8d (2A) + H2 17.1 4.5 6.2 3.7 0.3 
CH~i2++ 2H2 
rCH21 + 28.9 13.4 13.4 10.5 10.2 
11a, Si--Si (2A1) 
llb, Si-8i-CH2+ (2At) 55.5 37.2 38.3 32.5 32.3 
TABLE 2: Relative Energies (in kcal mol·1 with Zero-Point 
Energy Correction) Calculated with the 6-31G(d,p) Basis Set 
structure RHF MP2 MP3 MP4 
Si+ (2P) + H3Si-CH3 0.0 0.0 0.0 0.0 
ShCHs++ H 
la, H2Si-CH-8iH2+ 7.6 -0.3 7.3 5.7 
lb, H3C-8iHrSi+ 24.8 22.4 23.6 23.1 
,----, 
lc, H2Si-CHrSiH+ 29.9 20.9 25.9 24.9 
ld, H3C-8i-8iH2+ 30.0 25.0 26.7 25.6 
le, H3C-8iH-8iH+ 22.9 19.1 20.7 20.1 
lf, H3Si-CHrSi+ 8.6 2.9 6.1 5.0 
lg, H2CSiHSiH2+ 38.7 26.0 31.4 27.4 
Isomerization Transition States 
9a+H 50.6 36.2 39.9 36.0 
9b+H 33.0 20.7 23.6 22.2 
9c+H 67.7 65.8 68.4 66.0 
H2 Elimination TranSition States 
lOa+H 100.1 74.5 79.6 76.1 
lOb+H 76.5 54.7 56.7 54.6 
IOc+H 79.1 58.2 55.1 52.1 
CH3Sh+ + H2 + H 
rH-, 
14a, Si-CH:rSi+ 
51.4 37.6 39.6 37.0 
14b, SiH~H-si+ 37.3 27.0 32.7 29.7 
14c, CH3Si-8i+ (3E) 52.9 49.4 51.2 49.2 
UHF wave functions are not eigenfunctions of the total spin (Sl} 
operator. These single point calculations were performed using 
the GAUSSIAN8818 and GAUSSIAN90l9 quantum chemistry 
program packages. 
Results and Discussion 
The structures, energetics, and reaction mechanisms of reactions 
l-l 0 are discussed in sections I-7. Structures of the reactants, 
products, intermediates, and transition states with solid lines 
showing their connections are displayed in Figures 1-6. Total 
and relative energies are listed in Tables 1-5 and 6-11. The 
relative energies of ShCH4+ (la-g), ShCHs+ (la-g), and Sh-
CH6+ (3a-n) isomers are listed in Tables 1, 2, and 3, respectively. 
Table 4 lists the barriers for ( 1) The insertion of Si+ into C-H, 
Si-H, and Si-C bonds of methylsilane (4a-c); (2) Different 
isomerization reactions of ShCH6+ ions (Sa-i); (3) Subsequent 
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TABLE 3: Sf:l~+ Relatin Energies (in kcal mol-l with 
Zero-Point Energy Correction) Calculated with the 
6-31G(d,p) Basis Set 
structure UHF UMP2 UMP3 UMP4 PUMP4 
Si+ (2P) + H3Si-CH3 0.0 0.0 0.0 0.0 0.0 
3a, CHrSi-SiH3+ (2A) -37.2 -42.8 -41.0 -41.0 -40.9 
3b, HSi-SiH~H3+ (2A') -31.7 -36.4 -34.8 -34.6 -34.5 
r-H-, -34.1 -45.6 -41.8 -42.2 -42.1 
3C, [SiH2-CH,SiH]+ (2A) 
3d, CH3-SiH-SiH2+ (2A") -42.2 -5J.l -49.2 -49.0 -48.9 
3e, [SiH~H~iH2]+ (2A1) -35.3 -47.4 -43.8 -44.2 -44.2 
r-H-, -27.1 -28.5 -27.2 -27.0 -27.3 
3f, [Sll-lz-CH-81-i:l t2B1l 
3g, H3Si-C-SiH3+ (2A') 10.3 28.7 25.3 24.9 24.6 
3b, SiH3-CH~iH+ (2A) -29.8 -37.0 -32.9 -33.3 -33.2 
31, complex (2A') -23.2 -28.2 -28.1 -28.3 -28.3 
3j, SiH3-CH-SiH2+ (2A") -29.8 -27.5 -26.3 -26.0 -26.0 
3k, complex (2A') -23.2 -33.2 -32.8 -33.4 -33.3 
31, complex (2A') -11.9 -19.2 -17.8 -18.6 -19.2 
3m, complex (2A") -10.7 -9.3 -11.2 -11.3 -11.4 
3n, complex (2A) -7.6 -14.7 -16.5 -17.0 -17.3 
TABLE 4: Relative Energies (kcal mol-1 with Zero-Point 
Energy Correction) Calculated with the 6-31G(d,p) Basis Set 
structure UHF UMP2 UMP3 
Si+ (2P) + H3Si-CH3 0.0 0.0 0.0 
Si+ Insertion Transition States 
4a, C-H insertion (2A) 18.0 9.0 9.0 
4b, Si-H insertion (2A) -9.4 -17.9 -18.0 
4c, Si-C insertion (2A) 3.1 -4.1 -3.1 
Sa (2A) -24.1 -34.9 -32.8 
Sb (2A) -21.7 -31.3 -29.3 
5c (2A) 1.5 -5.7 -4.7 
5c1 (2A) -13.7 -27.8 -24.4 
5e (2A) 25.6 11.4 14.9 
Sf (2A) -30.6 -40.0 -36.5 
Sg (2A) -23.1 -21.2 -19.9 
Sb (2A) -21.8 -28.8 -28.7 
51 (2A) -29.4 -37.7 -33.7 
H2 Elimination Transition States 
UMP4 
0.0 
7.0 
-18.6 
-4.9 
-33.1 
-29.6 
-6.5 
-25.5 
12.7 
-36.5 
-19.7 
-29.1 
-34.2 
PUMP4 
0.0 
6.0 
-18.8 
-6.0 
-33.2 
-29.7 
-7.8 
-25.1 
10.6 
-36.4 
-20.0 
-29.3 
-34.1 
6a (2A) 28.2 3.0 7.2 4.6 3.4 
6b (2A) 25.5 5.2 7.5 5.7 4.0 
6c (2A) 10.9 -9.9 -8.4 -9.5 -10.2 
6d (2A) 11.7 -9.4 -7.8 -9.0 -9.6 
6e (2A) 20.3 -1.0 1.1 -{).2 -{).3 
6f (2A) 37.5 12.0 16.9 14.0 14.1 
6g (2A) 19.2 0.5 2.5 0.2 -2.1 
TABLE 5: Relative Energies (in kcal mol-1 with Zero-Point 
Energy Correction) Calculated with the 6-31G(d,p) Basis Set 
structure UHF UMP2 UMP3 UMP4 PUMP4 EXP. 
Si+ (2P) + H3Si-CH3 0.0 0.0 0.0 0.0 0.0 0.0 
SiH3 (2A,) + CH3-Si+ -0.7 -3.2 -3.3 -3.6 -3.5 
SiH3+ + CH3-Si (2A') 20.3 20.9 21.6 21.5 21.3 25.5 ::1: 6.9 
SiH2 + CHrSiH+ (2A') 22.3 23.4 23.8 23.6 23.7 24.4::1:2.5 
SiH2+ (2A1) + CH3-SiH 35.1 35.8 36.6 36.4 36.6 
SiH + CHrSiH2+ (2A') 6.0 7.5 8.0 8.1 8.0 10.8 ::1: 1.2 
SiH+ (2A1) + CHrSiH2 18.9 18.1 17.9 17.5 17.7 21.7::1: 1.4 
CH~i+ (2B2l + SiH4 -1.2 4.2 2.1 2.1 2.0 3.0::1:3.5 
H2Si-si+ {2B2) + CH4 -5.8 -10.3 -12.3 -12.8 -12.8 
• Reference 5. 
Hrelimination reactions from ShCH6+ (6a-g). The processes 
leading to the formation of ShCH4+ (reaction 8) are discussed 
in sections 1 and 2. Section 3 discusses the Hrelimination and 
isomerization pathways of different ShCH4+ ions leading to 
formation of ShCH2+ ions (reaction 10). The barriers for these 
H 2-elimination (7a-b) and isomerization (Sa-d) reactions are 
listed in Table 1. Sections 4-6 discuss reaction 7 (ShCH5+), 
reaction 9 (ShCH3+),andreaction4 (SiCH2+),respectively. Table 
5 lists the relative energies of various simple bond cleavage 
processes, reactions 1-3 and 5-7. The reaction mechanisms for 
these reactions are discussed in section 7. 
1. Sf:lCJli+, A. Complex Formation. Although ShCH6+ 
ions were not observed, these addition complexes are important 
a 
••• 
b 
Sl+ + H,si•CH, 1.1 
c 
Complex 
-21.5 
Nguyen et al. 
(3h) c, 
Qs; 
@c 
0 H 
Figure 1. (a-c) PUMP4/6-31(d) potential energy profile with relative 
energies (numbers in bold) in kcaljmol. The solid curve corresponds to 
the SCF /3-21G*Ievel of theory. SCF /3-21G* and SCF /6-31G(d) (in 
parentheses) structures with bond distances in angstroms and bond angles 
in degrees. 
ionic intermediates involved in the formation of virtually all the 
observed products. The structures and energetics of the ShCH6+ 
isomers and transition states associated with the isomerization 
and subsequent decomposition processes can provide valuable 
information regarding the detailed mechanisms of the ion-
molecule reactions. Formation of these intermediates begins with 
the initial ion-molecule interactions of Si+ with methylsilane. 
Three ion-molecule complexes were found on the ShCH6+ 
potential energy surface, as the result of the interaction of Si+ 
with methylsilane on the silicon (3i and 3k in Figure Ia) and 
carbon (31 in Figure lc) ends of the molecule. 
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TABLE6: Total Energies (Hartrees) Calculated with the 6-31G(d,p) Basis Set 
structure UHF (S2) UMP2 UMP3 UMP4 PUMP4 
Si2CH4++ H2 
,.----, 
Ia, [H~i-CHr-Si]+ (2A') -618.828 53 0.7721 -619.136 25 -619.176 52 -619.194 13 -619.195 26 
lb, H3C-SiH-Si+ (2A") -618.836 12 0.8778 -619.13442 -619.177 69 -619.19445 -619.196 90 
lc, H2Si-CH-SiH+ (2A') -618.821 64 0.7670 -619.126 70 -619.160 14 -619.178 80 -619.179 67 
ld, H3Si-CH-Si+ (2A') -618.760 34 0.7839 -619.077 06 -619.112 07 -619.135 60 -619.137 57 
le, H3C-Si-SiH+ (2A) -618.819 87 1.0346 -619.11315 -619.155 62 -619.172 93 -619.179 18 
,.----, 
If, [HSi-CHr-SiH]+ (2Bt) -619.783 64 0.7601 -619.101 15 -619.138 03 -619.156 39 -619.156 99 
H 
-618.767 93 0.8544 -619.092 16 -619.129 89 -619.149 85 -619.154 11 
r .$~. r 
1g, si~~ (2A1l 
H2 Elimination Transition States 
7a (2A) + H2 -618.722 48 0.8447 -619.052 03 -619.091 23 -619.112 64 -619.116 00 
7b (2A) + H2 -618.739 36 0.9414 -619.060 37 -619.100 75 -619.121 76 -619.127 34 
Isomerization Transition States 
8a (2A) + H2 -618.756 30 0.8464 -619.067 91 -619.107 81 -619.130 32 -619.132 94 
8b (2A) + H2 -618.739 32 0.8494 -619,038 42 -619.08004 -619.102 13 -619.105 95 
Be (2A) + H2 -618.761 57 0.8429 -619.071 52 -619.112 95 -619.133 47 -619.136 85 
8d (2A) + H2 -618.797 67 1.0310 -619.104 09 -619.144 63 -619.163 43 -619.169 39 
rc~-~z-,+ Si2CH2++ H2 
111, Si--Si (2A1l 
-618.767 93 0.7685 
lib, Si-Si-CH2+ (2At) -618.725 87 0.7632 
TABLE 7: Total Energies (Hartrees) Calculated with the 
6-31G(d,p) Basis Set 
structure UHF MP2 MP3 MP4 
ShCH,++ H 
la, H2Si-CH-SiH2+ ~18.808 23 ~19.107 15 ~19.138 44 ~19.155 81 
lb, Si-SiH:rCH1+ ~18.785 98 ~19.07613 ~19.117 50 ~19.133 14 
,.---, 
lc, H§i-CH~iH+ ~18.773 5 ~19.074 20 ~19.109 63 ~19.125 93 
ld, H1C-Si-SiH2+ ~18.775 45 ~19.069 84 ~19.110 36 ~19.126 90 
le, H3C-SiH-SiH+ ~18.786 51 ~19.078 86 ~19.119 56 ~19.135 38 
lf, H1Si-CH~i+ ~18.808 08 ~19.103 54 ~19.141 75 ~19.158 27 
11, H2CSiHSiH2 ~18.759 72 ~19.066 35 ~19.100 99 ~19.122 22 
9a+H 
9b+H 
9c+H 
lOa+H 
lOb+ H 
tOe+ H 
Migration Transition State 
~18.740 27 ~19.049 52 ~19.086 97 ~19.107 92 
~18.771 26 ~19.077 73 ~19.115 90 ~19.132 96 
~18.709 55 ~18.998 82 ~19.037 97 ~19.056 69 
H2 Elimination Transition State 
~18.659 41 ~18.986 61 ~19.021 78 ~19.042 23 
~18.699 02 ~19.020 08 ~19.060 09 ~19.078 28 
~18.693 90 ~19.023 02 ~19.061 79 ~19.081 44 
At the PUMP4 /6-31 G( d,p) level of theory, Si+ interacts most 
favorably with two hydrogens (3k) forming a double bridged 
complex on the silicon end of methylsilane. This results in a 
binding energy of 33.8 kcaljmol relative to the separated reactants 
(Si+ + CH3SiH3). A single bridged complex between Si+ and 
one Si-H (3i) is found to be 28.3 kcaljmol below the separated 
reactants (Figure la). The latter result compares favorably to 
the 28.9 kcaljmol obtained previously by Raghavachari' at a 
similar level of theory. It is also worth noting that 3i and 3k are 
essentially identical in energy at the SCF level of theory (Table 
1). These complexes have Si-H bonds that are lengthened 
significantly compared to the normal (1.457 A) Si-H bond of 
methylsilane. At the ROHF/6-31G(d) level of theory, Si-H 
bridged distances are calculated to be 1.629 and 1.547 A for 3i 
and 3k, respectively. 
A transition state connecting 3i and 3k, structure Sh, was located 
(see Figure la). At the ROHF /6-31G(d) level of theory, Sh lies 
only 1.3 kcal/mol above 31. However, single point corrections 
at the PUMP4/6-31G(d,p) level oftheory lower the barrier by 
2.3 kcal/mol, placing the transition state Sh 1.0 kcaljmol below 
the reactant 31. Higher levels of theory may be necessary to 
accurately determine the structure and energetics of Sh, if it exists 
at all. It is possible that of the three stationary points (3i, 3k, 
and Sh) only 3k exists at the highest level of theory. 
Interaction of Si+ with methylsilane on the carbon side is less 
favorable. Only one complex in which Si+ interacts primarily 
with carbon (31) was found (see Figure lc). This structure lies 
19.2 kcal/mol below the separated reactants Si+ and CH3-SiH3, 
-619.078 96 -619.122 29 -619.141 78 -619.142 75 
-619.041 66 -619.083 27 -619.107 34 -619.108 18 
at the PUMP4/6-31G(d,p) level of theory. Although this ion-
molecule complex has the highest energy among all complexes 
found, it may be an important intermediate for high-energy 
channels, as discussed below. 
B. Insertion Reactions. From the three ion-molecule com-
plexes (31, 31, and 3k), the next possible steps in the reaction 
involve either the insertion of Si+ into a bond of methylsilane 
(Si-H, C-Si, and C-H) or various bond cleavages and abstrac-
tions. The latter types of reactions may have no reverse barriers. 
A C-Si bond cleavage from complex 31 can result in the formation 
of the experimentally observed CH3-Si+ ion product (reaction 3) 
at higher energy. Abstraction of one or two hydrogens, by the 
complexed Si+, via 3i or 3k produces the CH3-SiH2+ and CH3-
SiH+ ions, respectively (reactions 1 and 2). 
Other possible channels to account for the products described 
above as well as other experimentally observed ones involve more 
complex rearrangements on the ShC~ +potential energy surface. 
Such rearrangement processes are most likely to begin with the 
insertion of Si+ into Si-H (Figure la), C-Si (Figure lb), and 
C-H (Figure lc) bonds of methylsilane. Since the barriers for 
the Si-H and Si-C insertion reactions are calculated to be 18.8 
and 6.0 kcal/mol below the separated reactants (Si+ + CH3-
SiH3), these insertions are predicted to occur at thermal energies. 
Our PUMP4/6-31G(d,p) barriers as well as their transition-
state structures are in good agreement with earlier results obtained 
by Raghavachari.7 
For the Si-H insertion transition state (4b), the ROHF/6-
31 G( d) partially formed Si-Si bond distance of 2. 7 5 A compares 
favorably with the value of 2. 77 A obtained with UHF /6-31 G( d) 
in the previous study. 7 Other structural parameters are in similar 
or better agreement. The partially formed Si-Si bond of 2.648 
A in the Si-C insertion transition state structure ( 4e, Figure 1 b) 
is slightly shorter than the corresponding value in the Si-H 
insertion transition state 4b (Figure la). This is also consistent 
with the results obtained by Raghavachari.' 
As expected, walking down the minimum energy path toward 
the products from transition states 4b and 4e leads to CH3-
SiH2-SiH+ (3b) and CH3-Si-SiH3+ (3a), respectively. In the 
reverse direction these IRC's lead to the initially formed complex 
3i. With Si-Si and Si-C linkages, 3b and 3a are important 
intermediates for subsequent bond cleavage and elimination 
processes to produce products observed in reactions 1, 3, 5, 6, and 
8. These reactions will be discussed in detail later. At the 
PUMP4/6-31G(d,p) level of theory, 3b and 3a lie 34.5 and 40.9 
kcal/ mol, respectively, below the reactants. These are essentially 
identical to values obtained by Raghavachari.' 
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TABLE 8: ShC"'+ Total Energies (Hartrees) Calculated with the 6-31G(d,p) Basis Set 
structure UHF (S2) UMP2 UMP3 UMP4 PUMP4 
3a, CH3-Si-SiH3+ (2A) -618.892 19 0.7575 -619.187 32 -619.227 77 -619.243 04 -619.242 56 
3b, HSi-SiHz-CH3+ (2A') -618.883 29 0.7579 -619.177 11 -619.217 86 -619.232 39 -619.232 89 
,.-H--, -618.886 46 0.7539 -619.191 29 -619.228 50 
3c, {SiH2 -CH2 -CH)+ (2A) 
-619.243 93 -619.244 23 
3d, CH3-SiH-SiH2+ (2A") -618.900 55 0.7579 -619.201 05 -619.241 29 -619.255 83 -619.256 30 
3e, [SiHz-CH~iH2]+ (2A1) -618.887 52 0.7580 -619.193 18 -619.230 73 -619.246 21 -619.246 71 
,.-H-. -618.871 85 0.7611 -619.160 39 -619.201 72 
3f, {SIH:!-CH-SlHz)+ (281) 
-619.216 17 -619.217 22 
3g, H3Si-C-SiH3+ (2A') -618.807 43 0.7602 -619.066 12 -619.113 18 -619.128 71 -619.129 75 
3h, SiH3-CH~iH+ (2A) -618.878 45 0.7544 -619.176 16 -619.212 98 -619.228 48 -619.228 82 
3i, complex (2A') -618.870 04 0.7626 -619.164 34 -619.207 35 -619.222 61 -619.223 47 
3j, SiH3-CH-SiH2+ (2A") -618.875 69 0.7565 -619.158 37 -619.199 77 -619.214 10 -619.214 72 
3k, complex (2A') -618.870 54 0.7684 -619.172 93 -619.215 61 
31, complex (2A') -618.852 13 0.7616 -619.150 03 -619.191 12 
-619.231 29 -619.232 46 
-619.207 24 -619.208 71 
3m, complex (2A") -618.844 43 0.7579 -619.128 66 -619.174 84 -619.189 87 -619.190 61 
3n, complex (2A) -618.845 33 0.7652 -619.142 95 -619.189 05 -619.204 77 -619.205 66 
TABLE 9: Total Energies (in Hartrees) Calculated with the 6-31G(d,p) Basis Set 
structure UHF (S2) UMP2 UMP3 UMP4 PUMP4 
Si+ Insertion Transition States 
4a -618.798 04 0.7886 -619.098 80 -619.142 09 -619.16002 -619.162 26 
4b -618.845 63 0.7633 -619.145 44 -619.188 92 -619.204 73 -619.205 52 
4c -618.827 01 0.7714 -619.126 56 -619.167 85 -619.185 14 -619.186 39 
Isomerization Transition States 
Sa -618.87017 0.7606 -619.173 69 -619.213 66 -619.228 89 -619.229 58 
Sb -618.866 31 0.7609 -619.167 92 -619.208 01 -619.223 29 -619.223 99 
5c -618.827 01 0.8072 -619.124 77 -619.166 44 -619.184 14 -619.186 81 
5d -618.855 29 0.7583 -619.164 20 -619.202 08 -619.217 98 -619.218 54 
5e -618.784 95 0.8207 -619.093 93 -619.131 74 -619.149 98 -619.153 87 
Sf -618.879 39 0.7648 -619.180 71 -619.217 69 -619.233 29 -619.225 08 
Sg -618.863 36 0.7606 -619.146 76 -619.187 98 -619.202 42 -619.203 44 
Sh -618.868 11 0.7648 -619.165 62 -619.208 65 -619.224 08 -619.225 08 
Si -618.877 78 0.7545 -619.177 27 -619.214 34 -619.229 90 -619.230 24 
TABLE 10: Total Energies (in Hartrees) Calculated with the 6-31G(d,p) Basis Set 
structure UHF (S2) UMP2 UMP3 UMP4 PUMP4 
H2 Elimination Transition States 
6a -618.783 94 0.7823 -619.110 34 -619.147 03 -619.166 04 -619.167 65 
6b -618.789 16 0.8698 -619.107 76 -619.147 65 -619.165 15 -619.168 40 
6c -618.812 20 0.7860 -619.131 79 -619.17262 -619.189 34 -619.190 97 
6d -618.811 05 0.7832 -619.130 95 -619.171 70 -619.188 46 -619.190 00 
6e -618.797 36 0.7620 -619.11754 -619.157 52 -619.174 37 -619.17512 
6f -618.769 25 0.7709 -619.096 25 -619.131 73 -619.150 57 -619.151 62 
6g -618.795 83 0.8827 -619.113 62 -619.152 01 -619.17058 -619.174 75 
SiH4 and CH4 Elimination Transition States 
12a (SiH4) -618.790 75 0.9148 -619.093 39 -619.135 55 -619.154 06 -619.160 33 
13a (CH4) -618.762 15 0.7682 -619.084 25 -619.124 63 -619.143 86 -619.144 85 
TABLE 11: Total Energies (Hartrees) Calculated with the 6-31G(d,p) Basis Set 
structure UHF (S2) UMP2 UMP3 UMP4 PUMP4 
Si+ (2P) + H3Si-CH3 -618.833 15 0.7599 -619.119 50 -619.162 79 -619.177 62 -619.178 16 
SiH3 + CH3Si+ (2A1) -618.828 55 0.7539 -619.118 97 -619.162 11 -619.17765 -619.177 93 
SiH4 + CH2Si+ (2B2) -618.827 03 0.7572 -619.104 76 -619.151 44 -619.166 35 -619.167 03 
CH4 + H2SiSi+ (2B2) -618.814 98 0.7587 -619.093 73 -619.135 27 -619.149 10 -619.197 75 
SiH + CH3-SiH+ (2A') -618.818 64 0.7608 -619.102 65 -619.145 12 -619.159 82 -619.160 50 
SiH+ (2A1) + CH3-SiH2 -618.798 11 0.7533 -619.085 65 -619.129 40 -619.144 77 -619.145 02 
SiH2 + CH3-SiH+ (2A') -618.790 44 0.7544 -619.075 10 -619.117 62 -619.132 84 -619.133 17 
SiH2+ (2A1) + CH3-SiH2 -618.766 49 0.7534 -619.051 70 -619.093 76 -619.108 93 -619.109 20 
r-------1 
2H2 + [Si-CH~i]+ (2A1) -618.767 93 0.7685 -619.078 96 -619.122 29 -619.141 78 -619.142 75 
Although the insertion of Si+ into a C-H bond of methylsilane 
is exothermic by 14.0 kcaljmol, this insertion process must 
surmout a barrier that is 6.0 kcaljmol above the separated 
reactants, according to PUMP4/6-31G(d,p). This is not surpris-
ing, since a C-H bond is considerably stronger than either C-8i 
or Si-H bonds. The C-H insertion transition-state structure 
(4a) is similar in nature to the Si-H insertion analog (Figure 1c). 
Tracing the IRC from this transition state leads to the isomer 
H 3Si-CH2-8iH+ (3h) in the forward direction and the ion-
molecule complex 31 in the reverse direction. At the ROHF / 
6-31G(d) level of theory, the minimum 3h is distorted from C, 
symmetry with an Si-C-8i-H dihedral angle of 81.2 °. Calculated 
at the PUMP4/6-31G(d,p) level, 3hlies 33.2 kcaljmol below the 
reactants. This is 4 kcal/mollower than the C, structure (with 
a Si-C-8i-H dihedral angle of 0°) reported earlier by Ragha-
vachari.1 
Of the three insertion barriers, C-H insertion is the least 
favorable ( +6.0 kcal/mol) followed by C-8i insertion (-6.0 kcal/ 
mol) and Si-H insertion (-18.8 kcaljmol). However, the 
thermodynamic gains resulting from these three processes do not 
follow the same trends as the insertion activation barriers. The 
Si-C insertion product gains nearly 10 kcaljmol more than do 
Reaction of Si+ with CH3-SiH3 
the Si-H and C-H insertion products. At thermal energies, Si-H 
and C-Si insertions would most likely be the dominant pathways. 
Insertion of Si+ into a C-H bond of methylsilane is expected to 
be competitive at energies above 5-10 kCS:l/mol. 
C. Isomerization Reactions. As noted a hove, the intermediates 
resulting from the three insertion reactions (3a, 3b, and 3h) can 
further isomerize. Presumably, such rearrangements may com-
pete favorably with other processes, such a-s bond cleavage (i.e., 
SiH and SiH3 elimination reactions) and H2 eliminations. The 
complex patterns of isomeriza tions are summarized pictorially in 
Figure 2. In addition to the facile stepwise 1 ,2-hydrogen migration 
connecting minima 3a (CH3-Si-SiH3+) and 3b (CH3-SiH2-
SiH+) reported by Raghavachari, 1,2-migration of a CH3 group 
in 3b followed by 1-2 hydrogen migration is also a low-energy 
channel joining 3a and 3b (see Figure 2a). The PUMP4/6-
31G(d) transition state for CH3 migration (5d) is located 25.1 
kcal/mol below the reactants. This is 8.1 kcaljmol higher in 
energy than the 1,2-hydrogen migration transition state (5a) 
leading to 3d. Structure 3d, the lowest energy isomer on the 
Si2CH6+ potential energy surface, is 48.9 kcal/mol below the 
reactants. The second 1,2-hydrogen migration barrier (5b) 
connecting 3d with 3a is calculated to be 29.7 kcaljmol below 
the reactants. Both the PUMP4/6-31G(d,p) barriers and the 
ROHF /6-31G(d} transition-state structures (Sa and 5b) of 1,2-
hydrogen migration from 3b leading to 3a are essentially identical 
to those obtained earlier.7 
As shown in Figure 2b, competing with the CH3 and hydrogen 
migrations in the channels described above, is the isomerization 
of 3b (CH3-SiHrSiH+) to 3b (SiH3-CHrSiH+). The latter is 
the product of the insertion of Si+ into the C-H bond of 
methylsilane. (Recall that this channel is not open at thermal 
energies.) This isomerization channel involves cyclic (3e) and 
bridged (3c) isomers connected to each other by a transition state 
lying 36.4 kcaljmol below the reactants and 6-8 kcal/mol above 
the two isomers. At the PUMP4 /6-31 G( d,p) level of theory, 3e 
and 3c are calculated to be 44.2 and 42.1 kcal/mol below the 
reactants, respectively. These two low-energy isomers (3e and 
3c) are accessible by a stepwise hydrogen migration process, after 
the initial insertion of Si+ into either an Si-H (3b) or C-H (3b) 
bond ofmethylsilane (see Figure 1 b). Starting from CH3-SiHr 
SiH+ (3b), the first (5c) of three barriers leading to SiH3-CHr 
SiH+ (3b) is a 1,3-hydrogen migration that lies 7.8 kcaljmol 
below the reactants (Figure 2b). Going down the IRC from 5c, 
we obtain the cyclic 3ewith C-Si (1.872A) and Si-Si (2.556 A) 
distances that are a little longer than the corresponding bonds of 
methylsilane and disilane, as predicted by ROHF /6-31G(d). 
Hydrogen migration from an SiH2 group in 3e leading to 3c 
requires only 7.8 kcaljmol. The transition-state structure (5f) 
involved in this process has a slightly lengthened Si-H bond ( 1.502 
A) with a H-Si-C-Si dihedral angle approaching zer<>. The 
next step leading to 3b is also a facile process. The barrier (Si) 
connecting 3c to 3b is calculated to be 34.1 kcaljmol below the 
reactants, at the MP4/6-31G(d,p) level of theory. This is about 
1 kcaljmollower than the product 3b. This means that isomer 
3b may not be a true minimum on the potential energy surface 
or that the MP4 transition state separating 3c and 3b is sufficiently 
shifted from the ROHF structure that a small barrier may still 
exist. 
As shown in Figure 2c, isomer 3c can undergo a 1 ,2-hydrogen 
shift from the CH2 group to produce the C2v hydrogen-bridged 
intermediate 3f. This step has a net energy requirement of 10.6 
kcaljmol and is therefore unlikely to occur at thermal energies. 
However, the product 3fis 27.3 kcaljmol below the reactants [at 
the PUMP4/6-31G(d;p) level of theory]. A 1,3-hydrogen shift 
reaction from 3f leads to another low-energy isomer (3j), lying 
26.0 kcaljmol below the reactants. Similar to other hydrogen 
shift reactions involving the breaking and forming ofSi-H bonds, 
this process requires only 7.3 kcaljmol, starting from 3f. A 1,2-
hydrogen shift from 3j leads to 3g. This structure is 24 kcaljmol 
above the reactants. Isomerization barriers to other ShCH6+ 
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Figure 2. (a-c) PUMP4 / 6-JlG( d) potential energy profile with relative 
energies (numbers in bold) in kcaljmol. The solid curves correspond to 
the SCF /3-21G*level of theory. SCF/3-21G* and SCF /6-JlG(d) (in 
parentheses) structures with bond distances in angstroms and bond angles 
in degrees. 
isomers were not considered. It is worth noting that all reactions 
described above with net barriers higher than the separated 
reactants of Si+ and CH3-SiH3 may not be observed under the 
experimental conditions in studies performed by Mandich et a!. 4 
They are, however, accessible with external inputs of energy, 
such as in the experiments performed by Kickel eta!. (0-10 eV) 
and by Mayer and Lampe (0-3 eV).6 
1. Si:zCH4+ (Reaction 8). Since the formation of ShCH4+ 
ionic products results from H 2 elimination reactions ofShCH6+ 
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Figure 3. (a-c) PUMP4 /6-31 G( d) potential energy profile with relative 
energies (numbers in bold) in kcalfmol. The solid curves correspond to 
theSCF/3·21G*level of theory. SCF/3-21G* and SCF/6-31G(d) (in 
parentheses) structures with bond distances in angstroms and bond angles 
in degrees. 
ionic intermediates, all ShCH6+ ions may be considered as 
potential intermediates for reaction 8. However, intermediates 
that are accessible in the fewest numbers of steps with the lowest 
activation energies present the most viable routes to the products. 
As the energy available to drive the reactions increases, high 
energy channels (e.g., C-H activation of methylsilane) with fewer 
steps become increasingly competitive with multistep low-energy 
channels. In the following discussions, both single-step and two-
step low- and high-energy channels are considered (Figure 3), 
starting with the former. This, however, does not encompass all 
possible paths for the H2 elimination reactions. Channels that 
require more than two isomerization steps after the initial insertion 
reactions are not considered. 
Since the initial low-energy steps in the mechanism involve the 
insertions of Si+ into a Si-H or a Si-C bond of methylsilane, 
CH3-SiHrSiH+ (3b) and SiH3-Si-CH3+ (3a) are key viable 
intermediates for hydrogen elimination reactions (reaction 8). 
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Both 1,l-H2 elimination (6b, Figure 3a) and l,2-H2 elimination 
(6c, Figure 3b) transition states connectin{3b with ShCH4+ 
(verified in this work by following the IRC) had been considered 
earlier7 using the UHF/6-31G(d) wave functions for structure 
determinations. The calculated ROHF /6-31 G( d) structures are 
essentially identical to those predicted by UHF. The PUMP4/ 
6-31G(d,p) barriers corresponding to the 6b and 6c transition· 
state structures lie 4.0 kcaljmol above and 10.2 kcaljmol below 
the reactants, respectively. These barriers are in good agreement 
with the values (3.1 kcaljmol for 6b and 10.8 kcaljmol for 6c) 
obtained earlier.7 Thermodynamically, minima [CH3-Si-SiH+ 
(le) + H2 and CH3-SiH-Si+ (lb) + H2] directly connected to 
6b and 6c are exothermic by 6.0 and 15.9 kcal/mol, respectively. 
Note that transition state 6d (Figure 3b) is also connected to lb. 
Since 6d is 9.6 kcaljmol below the reactants, the elimination of 
H2 from 3b via 6d is also energetically favorable at thermal 
energies. 
The 1,3-elimination of H2 from 3b to yield [CH2SiH2Si+] is 
another potential route that has not been considered previously. 
As shown in Figure 3a, there is a net energy requirement of 3.4 
kcaljmol to traverse this transition state ( 6a) and reach the product 
(la), the thermodynamically most stable isomer (17.1 kcaljmol 
exothermic) on the Si2CH4 + potential energy surface. Structure 
la has two C-Si bonds with lengths of 1.857 and 1.890 A and 
a 2.646-A bond joining the two silicon atoms. This suggests a 
cyclic ring, since typical C-Si and Si-Si single bond lengths are 
1.89 and 2.34 A, respectively. Similar to other H2 elimination 
transition states, 6a has a partially formed H2 bond of 0.981 A 
and a partially broken Si-H bond of 1.611 A, as predicted by 
ROHF/6-31G(d). 
Of the three elimination channels [1,1-, 1,2·, and 1,3· 
eliminations ofH2 from 3b (CH3-SiH2-SiH+)] discussed above, 
only the 1,2-elimination channel has no overall barrier relative 
to initial reactants. The net barriers are 3.4 and 4.0 kcaljmol 
for the 1,3· and 1,1-elimination of H2, respectively. 
Since the CH3-SiH-SiH2+ intermediate (3d, Figure 2a) is 
accessible via many channels with no overall barriers, H2 
elimination barriers from this intermediate are potentially low in 
energy. Indeed, the 1,2· H2 elimination transition state ( 6e) from 
3d to yield le and H2 was located slightly (-6.0 kcaljmol) below 
the reactants (Figure 3b ), making it a barrier less process. Despite 
a careful search, a transition state for 1,1-H2 elimination from 
3d was not found. 
Although reactions with overall barriers are unlikely to occur 
at thermal energies, they are expected to be competitive as the 
kinetic energy of the incoming ion increases. Such conditions 
exist in experiments performed by Lim and Lampe6 and by Kickel, 
Fisher, and Armentrout.5 At energies above 15 kcaljmol, 
activation of the C-H bonds of methylsilane becomes a facile 
process. The SiH3-CH2-SiH+ (3h) intermediate (Figure 
2b)-produced by the insertion of Si+ into the C-H bond of 
methylsilane-may, therefore, be another alternative precursor 
for H2 eliminations. This is considered in Figure 3c. The barrier 
(60 for 1,l-H2 elimination from the SiH3 group of 3h to yield 
H2 and a cyclic Si2CH4+ minimum 1f is located 14.1 kcaljmol 
above the reactants. The isomer itself is predicted to lie 6.9 kcal/ 
mol above the separated reactants, so this is a net endothermic 
process. The SCF /6-31G(d) transition structure (60 of this H2 
elimination reaction has a partially formed H-H bond of 0.981 
A; its Si-Si bond of 2.337 A is also approaching that (2.113 A) 
of the connecting cyclic product lf. 
Since a shift of hydrogen from SiH3-CHrSiH+ (3h) to the 
bridged intermediate (3c) is a very facile process, a channel 
involving a hydrogen shift after the initial insertion of Si+ into 
the C-H bond of methylsilane has also been considered. The H2 
elimination transition state (6g) from 3c was located 2.1 kcal/ 
mol below the reactants (Figure 3c). The transition state 6g is 
predicted to yield the cyclic ion la based on IRC calculations. 
Note that 1,3-H2 elimination from 6a (CH3-SiHrSiH+) also 
produced the product la, as discussed above. 
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Figure 4. (a, b) PUMP4 /6-31 0( d) potential energy profile with relative 
energies (numbers in bold) in kcalfmol. The solid curves correspond to 
the SCF/3-210"'level of theory. SCF/3-210"' and SCF/6-310(d) (in 
parentheses) structures with bond distances in angstroms and bond angles 
in degrees. (c) SCF/3-210"' and SCF/6-310(d) (in parentheses) 
structures with bond distances in angstroms and bond angles in degrees. 
So far six transition states leading to four possible structural 
products (la, lb, le, and lf) have been identified for reaction 8. 
The formation of other ShCH4 +isomers via isomerization of la, 
lb, le, and 1f is considered in the next section. 
3. Isomerization ofSi2~+ andSi~2 +Formation (reaction 
10). At higher than thermal energy Si2C~ +ion products undergo 
hydrogen molecule elimination and isomerization into other high-
energy isomets. Isomerization and hydrogen elimination reactions 
ofShCH4 +ions are summarized in Figure 4 parts a and b. Similar 
to the isomerization of ShCH6+ ions, ShCH4+ isomerization 
processes involve migrations of Hand CH3. A methyl migration 
transition state (8d) connects le (CH3SiSiH+) and lb (CH3-
SiHSi+) and is located 0.3 kcal/mol above the reactants. The 
three-center transition structure 8d has C, symmetry with partially 
formed or broken C-Si bond lengths of 2.056 and 2.343 A. The 
barriers to hydrogen migrations from the CH3 group of le (Figure 
4b, 8c) and lb (Figure 4a, 8a) leading to the cyclic structures la 
and 1f are located 18.8 and 21.2 kcaljmol above the reactants, 
respectively. Similar to other hydrogen migration transitions 
described in Figure 2, 8c and 8a have slightly stretched Si-H and 
C-H bonds. Structure la may also isomerize to another acyclic 
ion lc (Figure 4b) with a hydrogen migration barrier (8b) that 
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is 35.7 kcal/mol above the reactants. Although the formation 
of lc is predicted to be exothermic by 8.3 kcaljmol thermody-
namically, H2 elimination channels with barriers lower than 8b 
(e.g., 7a and 7b) should render the hydrogen migration process 
less competitive. 
Two hydrogen elimination channels leading to the formation 
of a high-energy cyclic ShCH2+ (lla) were found to have net 
energy requirements of 22.5 (7b, Figure 4a) and 30.7 kcal/mol 
(7a, Figure 4b). IRC calculations connect transition state 7b to 
1f (see Figure 4a) and transition state 7a tole (Figure 4b). Key 
structural parameters of these H2 elimination transition states 
are similar in nature to the ones in reaction 8. The partially 
formed H-H distances are predicted to be near 1 A at the transition 
states. Si-H and C-H distances in 7a and 7b are stretched to 
about 1.6 A. As shown in Figure 4, thermodynamically, reaction 
10 (formation of cyclic ShCH2+ (lla) and 2H2) is endothermic 
by 10.5 kcaljmol. This is in good agreement with the endot-
hermicity value of 8.8 :I: 1.2 kcaljmol reported by Kickel et al.5 
The acyclicisomerSi-Si-CH2+ (llb) is about22 kcaljmolabove 
the cyclic form (lla) (see Table 1). 
4. Si:&CH5+ (Reaction 7). Experimentally, mass overlap from 
ShCH4 +prevents accurate thermodynamic measurements of the 
Si2CH5+ ion. An endothermicity of about 6.9 kcaljmol was 
estimated for reaction 7.5 ShCH5+ ions formed in reaction 7 are 
probably the result of the loss of a hydrogen from ShCH6+ 
intermediates. TheShCH6+ PES (see Figures 1 and 2), therefore, 
provide insights for the formation of ShCHs +ions. For example, 
a loss of the SiH hydrogen from H3Si-CH~iH+ (3b, Figure 1c) 
may be one viable route leading to H3Si-CH~i+ (lf, Figure 
Sa), the lowest energy ShCH5+ isomer. Structure lflies only 5.0 
kcaljmol above the initial reactants. Ion H2Si-CH-SiH2+ (la) 
(Figure 5b) is another low-energy isomer lying only 5.7 kcal/mol 
above the reactants; it is the only isomer found within 1 kcaljmol 
of lf. A loss of the bridging hydrogen from intermediate 3f 
(Figure 2c) is one possible route to lf. Other alternatives may 
involve complex rearrangements of ShCH5 + ions. Since isomer-
ization of Si2CH5+ isomers is quite high in energy (see Figure 
5b), the most favorable route to lf and la is probably simple 
bond cleavage. The predicted endothermicities (5.0 and 5. 7 kcal/ 
mol, respectively, for lf and la) are in good agreement with the 
experimental value of 6.9 kcaljmol.5 Structures of other Sh-
CH5+ isomers and the corresponding interconnecting transition 
states are also displayed in Figure 5 parts a-c. 
Reaction enthalpies (reaction 7) and isomerization barriers 
(relative to reactants) are tabulated in Table 2 for all ShCH5+ 
ions. Similar to ShCH6+ and ShCH4+ ions, methyl migration 
is a facile process. The methyl migration transition state (9b, 
Figure 5b) connecting lb and ld was located 33.0 kcaljmol above 
the reactants using SCF/6-31G(d,p) (see Table 2). However, 
electron correlation corrections lower the energy of 9b to below 
that of lb and ld. This appears to be a very flat region of the 
surface, and it is likely that correlated wave functions are required 
to accurately determine minima in this region of the surface. In 
contrast to facile methyl migration, H migrations require larger 
activation barriers. The H-migration transition states 9a and 9c 
are located 36.0 and 66.0 kcaljmol above the reactants (Si+ + 
CH3SiH3), corresponding to activation barriers of 60.3 and 11.1 
kcal/mol going from la to lc and lc to lb, respectively (see 
Figure 5b). 
5. SizCH3 +Formation (Reaction 9). SbCH5 +ions can undergo 
H2 elimination to form SbCH3 +ions. Structures ofthe calculated 
transition states and their relative energies are displayed in Figure 
5c and Table 2. This process has high activation barriers. The 
calculated H2-elimination transition state lOa (Figure 5c) leading 
to the cyclic bridged structure (14a) is 76.1 kcal/mol above the 
reactants (Si+ + CH3-SiH3). The IRC calculations connect 
transition state lOa with the cyclic isomer lc. Structure 14a plus 
the corresponding neutral products (H2 +H) lie 37.0 kcal/mol 
above the reactants. A 1,1-H2 elimination from la (Figure 5b) 
leads to an isomer of 14a (14b).20 This isomer is 29.7 kcaljmol 
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structures with bond distances in angstroms and bond angles in degrees. 
above the separated reactants. Kickel et al. estimate Si2CH3+ 
to be 20.3 :1:: 0.9 kcal/mol above the reactants.5 
The open form of ShCH3+, structure 14c, is 49.2 kcal/mol 
above the reactants. We have found two transition states (lOb 
and lOc in Figure 5c) that appear to lead to an open form of 
ShCH3+, similar to 14c in Figure 5c. These transition states lie 
54.6 (lOb) and 52.1 {lOc) kcal/molabovethereactants. However, 
the ground state of 14c appears to be a triplet that is 108.7 kcal/ 
mol below the RHF closed-shell singlet. It seems clear that lOb 
and lOc connect to a singlet diradical, so the corresponding IRC's 
must be determined with multiconfigurational wave functions. 
6. SiH4 (Reaction 6) and CU. EHmination. From the Sir 
CH6+ PES calculated earlier by Raghavachari,? Kickel et al. 
speculated that the formation of SiH4 may be the result of a 
3.o62 /# 1 (2.900),1 1 
".::~~~. 
®"'\, (3D) -4l.l CH3-Si-SiH3' 
CH3-SiH·SiH1' (3a) 
(3d) 
Nguyen et al. 
Qsi 
@c 
0 H 
F'JgUI'e6. PUMP4/6-31 G( d) potential energy profile with relative energies 
(numbers in bold) in kcalfmol. The solid curves correspond to the SCF / 
3-21G*leveloftheory. SCF /3-21G* andSCF /6-31G(d) (in parentheses) 
structures with bond distances in angstroms and bond angles in degrees. 
reductive elimination from intermediate 3a (see Figure 1 b). Since 
the formation ofSiCH2 + + SiH4 is endothermic, it cannot compete 
with the exothermic production ofSiCH3+ + SiH3 via the same 
intermediate (3a, see Figure 2a). Our calculations predict the 
barrier and endothermicity of reaction 6 to be 7.4 and 2.0 kcal/ 
mol, respectively. The predicted endothermicity of reaction 6 
compares favorably with the observed value of 3.0 :1:: 3.5 kcal/ 
mol.5 Following the IRC from the transition state lla toward 
the products, a complex of SiCH2+ and SiH4 (3m) was located 
11.4 kcal/mol below the reactants (see Figure 6). This complex 
(3m) has a bridging hydrogen with an apparently stretched Si-H 
distance of 1.567 A. The product ion (SiCH2+) resulting from 
silane elimination from 3m has C2v symmetry (282) with a Si-C 
distance of only 1.811 A. 
Although CH4 elimination is thermodynamically more favor-
able (by nearly 15 kcal/mol) than silane elimination, this reaction 
was not observed experimentally. Unlike the endothermic process 
of silane elimination discussed above, the formation of CH4 and 
SiSiH2+ is 12.8 kcal/mol exothermic. However, the barrier for 
CH4 elimination is located at 19.1 kcal/mol, 8.4 kcal/mol higher 
than the corresponding SiH4 elimination. The transition state 
for CH4 elimination (13a) is connected to the CHrSiH-SiH2+ 
(3d) intermediate, as verified by IRC calculations following the 
direction toward the reactant. Following the IRC toward the 
products, a complex of CH4 and SiSiH2 + with C1 symmetry (3n) 
was located. This structure (3n) lies 17.3 kcal/mol below the 
reactants (Si+ + CH3-SiH3). 
7. Simple Bond Cleavage (Reactions 1-3 and S-7). Despite 
a careful search, transition states for the elimination of SiH, 
SiH2, SiH3, SiH3+, SiH+, and H atom were not found. These 
reactions {1-3 and 5-7) are, therefore, likely to proceed through 
simple bond cleavages. Based on the ShCH6+ potential energy 
surface, SiH+ (reaction 6) and SiH (reaction 1) elimination 
reactions are likely to occur via intermediates 3i (single bridge 
complex of Si+ with methylsilane) and 3b (CH3-SiH2-SiH+) 
(Figure la). Thermodynamically, hydrogen atom abstraction 
by Si+ to produce SiH+ and CH3SiH2 is less favorable than the 
simple Si-Si bond cleavage producing the corresponding CH3-
SiH2+ ion and theSiH neutral radical. At the MP4/6-31G(d,p) 
level of theory, the endothermicity of SiH elimination (reaction 
1) is 8.1 kcal/ mol, while SiH+ elimination (reaction 6) is calculated 
to be 17.5 kcal/mol endothermic. The corresponding experi-
mental endothermicities for reactions 1 and 6 are 10.8 :1:: 1.2 
kcal/mol and 21.7 :1:: 1.4 kcal/mol, so experiment and theory are 
in good agreement. 
Si-Si bond cleavage from intermediate 3d (see Figure 1 a) may 
lead to the formation of SiH2 + CH3SiH+ or SiH2 + + CH3SiH. 
The former process corresponds to reaction 2 and is experimentally 
observed at energies above 1 ev.5 The experimental endother-
micity of 24.4 :1:: 2.5 for reaction 2 is in good agreement with our 
Reaction of Si+ with CH3-SiH3 
CH:)IiiHz 
CH:)IiiH CH:)IiiH" 
Figure 7. SCF/3·21G* and SCF/6-31G(d) (in parentheses) structures 
with bond distances in angstroms and bond angles in degrees. 
calculated value of 23.6 kcalfmol. The reaction endothermicity 
for the formation of CH3SiH and SiH2+ is calculated to be 36.4 
kcalfmol. So, SiH2 elimination from 3d is nearly 13 kcalfmol 
more favorable (thermodynamically) than the SiH2 +elimination 
reaction. The structure of the CH3SiH+ ion and the corresponding 
neutral species are shown in Figure 7. The cation has shorter 
C-Si (1.853 A) and Si-H (1.471 A) bond distances than its 
neutral counterpart. This may account for the extra stability of 
CH3SiH+ over the neutral CH3SiH. 
Reactions 3 and 5 may be the result of Si-Si bond cleavage 
from intermediate 3a (H3Si-Si-CH3+). Experimentally, the 
former process produces SiCH3+ ion-a dominant product at 
low energies. The latter process, reaction 5, was only observed 
at high energies with its cross section increasing at above 1 ev.5 
Since at high energies little of intermediate 3a can be formed, 
SiH3+ was speculated to be produced by other channels. The 
enthalpies of reactions 3 and 7 are essentially identical to those 
predicted by Raghavachari.1 
Summary and Conclusion 
The structures, energetics, and reaction mechanisms of the Si+ 
+ CH3-SiH3 reaction (1-10) have been investigated in detail. 
Reactions 3 and 8, elimination of SiH3 and H 2, were to found to 
be exothermic, consistent with experiments4-6 and the previous 
theoretical study. 7 These reactions proceed with an initial complex 
formation of Si+ with methylsilane, followed by the insertion of 
Si+ into either Si-H or Si-C bonds to formShCH6+ intermediates 
that can undergo isomerization&, H2 elimination (reaction 8), 
and SiH3 elimination (reaction 3) at thermal energy. The entire 
section of the potential energy surface that corresponds to the 
minimum energy path leading to the products of reaction 3 and 
8 lies below the starting reactants. This explains why these are 
the observed products at thermal energies. 
At higher energies, ShCH6+ can undergo H elimination 
(reaction 7) as well as other bond cleavage processes (reactions 
1, 2, 5, and 6). The predicted endothermicities for reaction 7 
(5.0 and 5.7 kcal/mol for the two Si2CH5+ isomers lf and la, 
respectively) are in good agreement with the experimental value 
of 6.9 kcalfmol. The calculated (observed) endothermicities of 
reactions 1, 2, 5, and 6 are 8.0 (10.8 :1:: 1.2), 23.7 (24.4 :1:: 2.5), 
21.3 (25.5 :1:: 6.9), and 17.7 (21.7 :1:: 1.4), respectively. The ionic 
products of reactions 8 (ShCH4 +) and 7 (ShCH5 +) are predicted 
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to undergo H 2-elimination at energies above 30 and 52 kcalfmol, 
respectively. The endothermicities of reactions 8 and 7 are 
predicted to be 10.5 and 37.0 kcalfmol, respectively. The barrier 
for the reductive elimination of SiH4 (reaction 4) and CH4 is 
predicted to be about 7 and 19 kcal/mol, respectively. The latter 
process is not observed experimentally. Reaction 4 is predicted 
to be endothermic by 2 kcalfmol, in agreement with the 
experimental value of 3.0 :1:: 3.5. 
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